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Stellar Evolution Today and in the Early Universe:
New Insights from the Hubble Space Telescope
H. John Wood - NASA GSFC
Ann M. Jenkins - Boeing

Introduction
From black holes to an extra-solar planet, the breakthrough discoveries of Hubble Space
Telescope (HSl) reveal fascinating new insights into our universe. These discoveries raise at
least as many questions as they answer, even as they
help us to understand more about our own evolution.
Searching for the origin of the universe is very much
like archeology. Astronomers, like archeologists, must
peel away the strata of time to find clues. Nowhere is
this better demonstrated than with HST. This telescope
achieves what no other has yet accomplished: it is
peering back to the edge of the visible universe to
uncover a tantalizing view of galaxies that formed as
early as 2 billion years after the Big Bang. HST literally
looks back in time to when our universe was much
younger.

The Hubble Space Telescope

HST Takes First Image of a Possible Planet Around Another Star
In 1998, HST gave astronomers their first direct look at what is probably a planet outside our
solar system. The discovery was made by Susan Terebey using HST's Near Infrared Camera
and Multi-Object Spectrometer (NICMOS). It further challenges conventional theories about the
birth and evolution of planets, and offers new insights into the formation of our own solar
system. Located within a very dusty star-forming region in the constellation Taurus, the object,
called TMR-1 C, appears to lie at the end of a
strange filament of light that suggests it has
apparently been flung away from the vicinity of a
newly forming pair of binary stars. Separated by
an angle of 10.0 arcseconds on the sky, this
probable planet lies 210 billion km (1400 AU)
from its parent stars. Considering that Jupiter lies
781 million km (5.2 AU) from our Sun, this planet
clearly has been ejected from its parent stars'
system. (An AU, or astronomical unit, is equal to
the mean distance from the Earth to the Sun.
At a distance of 450 light-years from Earth,
this probable planet is about 2-3 times the mass
of Jupiter. Glowing by the feeble heat of
formation, it is about ten thousand times less
luminous than the Sun. Spectra from groundbased telescopes are being studied to confirm
that it is not a chance foreground or background
Possible Extra-Solar Planet
object. This discovery could infer that giant gas
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planets are easy to build. According to Dr. Terebey, it seems unlikely for observers to happen
to catch a planet flung out by the stars unless gas giant planets are common in young binary
systems. While the results do not directly tell us about the presence of any terrestrial planets,
such as Earth, we believe gas giants do influence the formation of much smaller rocky planets.
The candidate planet was accidentally discovered while Terebey and her colleagues were
studying HST infrared images of newly formed protostars in a molecular cloud in Taurus. The
exquisite sensitivity and sharpness of NICMOS clearly revealed the object's pinpoint image.
However, it might have been dismissed as a background star if not for the presence of a bizarre
130-billion-mile-long filamentary structure that bridges the space between the binary pair and
the candidate planet.

Stellar Nursery the Orion Nebula
In a star cluster at the very center of
the Orion nebula, HST uncovered a
stellar nursery that proved too hostile to
nurture planet formation. The young,
star-forming region, located just below
. the belt of the constellation Orion, is the
closest star birth site containing both
Sun-like stars and stars much more
massive than the Sun.
Only fifteen hundred light years
away, the region contains young stars
surrounded by disks of dust and gas.
These disks, discovered by C. R O'Dell
of Rice University, are called "proplyds"
or protoplanetary systems. They can be
several billion kilometers across, and
they are initially similar to the disk that is
believed to have formed the planets in
our own solar system. However, in the
glaring, hostile environment created by
their bright, massive neighboring stars,
these disks quickly evaporate. The
evaporating disks show tadpole-like tails
pointing away from the brightest star in
the image. This means that their final
mass is restricted and they probably
will not have planets.

Proplyds in the Heart of the Orion Nebula

Erosion by Light Limits the Size of Young Stars
Approximately 7,000 light-years away in the constellation Serpens lies the Eagle Nebula.
Also know as M16-the 16th object in Charles Messier's 18th century catalog of "fuzzy"
permanent objects in the sky-the Eagle Nebula serves as an incubator for new stars. Its now
familiar pillars are slowly being eroded away by the ultraviolet light from nearby hot stars in a
process called "photoevaporation." As the pillars erode, small globules of especially dense gas
buried within the cloud are uncovered. These globules have been dubbed "EGGs"-short for
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Evaporating Gaseous Globules-by their
discoverers, Jeff Hester and Paul Snowden of the
University of Arizona at Tempe. The shadows of
the EGGs protect gas behind them, resulting in
the finger-like structures at the top of the cloud.
Forming inside at least some of the EGGs are
embryonic stars. These are stars that abruptly
stop growing when the EGGs are uncovered and
they are separated from the larger reservoir of
gas and dust from which they were drawing
mass. These embryonic stars are embedded
inside finger-like protrusions extending from the
top of the nebula. Each"fingertip" is somewhat
larger than our own solar system. Like the
proplyds in Orion, these stars are being limited in
size and ability to have planetary systems by
erosion from the flood of ultraviolet light from
massive neighbors

EGGs in the Eagle Nebula

Dusty Disks Set Stage for Planet Birth
HST recently captured the clearest, most detailed images ever of potential planetary
construction zones around young stars. These pancake-like disks of dust and gas disks offer a
look at what happened 4.5 billion years ago when our own Solar System began to condense out
of a dusty disk centered on the young Sun. Although the existence of such protoplanetary disks
has been known from prior observations, the HST images reveal important new details such as
a disk's size, shape, thickness, and orientation.
Deborah Padgett of Caltech's Infrared Processing and Analysis Center, Pasadena, CA, led
a group that used HST's Near-Infrared Camera
and Multi-Object Spectrometer (NICMOS) to peer
through obscuring dust clouds surrounding six
extremely young stars 450 light-years away in
the constellation Taurus. Evidence for dusty disks
was found in all six, in the form of dark bands
(dust lanes) crossing bright areas around each
star. The presumed disks have sizes 8-16 times
the diameter of Neptune's orbit.
Another group used HST to taken extremely
sharp visible-light pictures of disks in the same
region. John Krist of the Space Telescope
Science Institute, Baltimore, MD, found that the
young star Haro 6-5B is actually a small nebula
crossed by a dust lane 10 times the size
of Neptune's orbit.
Karl Stapelfeldt of NASA's Jet Propulsion
Laboratory, Pasedena, CA, used Hubble's Wide
Field and Planetary Camera 2 to spot the first
These images, taken with HST's
example of an edge-on disk in a young double star
Wide Field/Planetary Camera 2
system. This disk is centered on thesystem's faint
(WPC2), show infant stars viewed
companion star, and has a diameter of only 3.5
edge-on, encircled by dark disks of
times the diameter of Neptune's orbit.
gas and dust
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These extremely young stars, all about 450 light-years away, are located in the
constellation Taurus. As viewed with HST's infrared NICMOS instrument,
the regions of greatest dust concentration appear red.

Nearby Cluster of Young Supergiants Gives Insight Into Early Universe
The Small Magellanic Cloud (SMC) provides another glimpse of young stars nested in an
embryonic cloud of glowing gases. This celestial maternity ward, called N81, is located 200,000
light- years away in the SMC, a small, irregular satellite galaxy of our Milky Way These are
probably the youngest massive stars ever seen in the SMC.
The chemical composition of the SMC is more like that of the early universe-nearly pure
hydrogen and helium-and low levels of metals. Because the stars of the SMC are deficient in
heavier elements, they too evolve much like the universe's earliest stars, which were made
almost exclusively of the primordial hydrogen and helium cooked up in the Big Bang. The SMC
is a unique laboratory for studying star formation in the early universe since it is the closest and
best seen galaxy containing so-called "metal-poor" first and second generation type stars.
The nebula offers a unique opportunity for a close-up glimpse at the "firestorm"
accompanying the birth of extremely massive stars, each blazing with the brilliance of 300,000
of our suns. Such galactic fireworks were much more common billions of years ago in the early
universe, when most star formation took place.
This observation gives new insight into the physical mechanisms that governed star
formation in the young universe. Before the HST observations, N81 was simply dubbed "The
Blob" because its features were indistinguishable by ground-based telescopes. HST's exquisite
resolution allows astronomers to pinpoint 50 separate stars tightly packed in the nebula's core
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within a 10 light-year diameter-slightly more than twice the distance between Earth and the
nearest star to our Sun. The closest pair of stars is only 1/3 of a light-year apart. By resolving
"The Blob," astronomers have shown that the chemistry affects the star formation rates
dramatically. The discovery was make by an international team led by Mohammad HeydariMalayeri of the Paris
Observatory.
These observations
also show that massive
stars may form in groups,
and they are more likely to
be members of double and
multiple star systems. The
multiple systems eject a
considerable amount of
matter into space, thus
greatly affecting stellar
evolution. The dramatic
shapes sculpted in the
nebula's wall of glowing
gases by violent stellar
winds and shock waves
clearly reveals the furious
rate of mass lost by these
stars. It implies a very
turbulent environment is
typical of young star
formation regions.
One member of the
cluster may be an
extremely rare and shortNest of Young Stars in SMC
lived class of super-hot star
(50,000 degrees Kelvin) called a Wolf-Rayet. This star represents a violent, transitional phase
in the final years of a massive star's existence before it ultimately explodes as a supernova. If
future observations confirm this finding, the result will be a far- reaching impact on stellar
evolutionary models.

Merging Galaxies Produce Stellar Fireworks
Back in the early universe, when galaxies were closer together and collided more often, star
formation must have been frequent and furious. Recent HST images show that star formation
rates in colliding galaxies are much greater than in single galaxies. HST reveals this evidence
of star formation in a brilliant "fireworks show" at the heart of a pair of colliding galaxies called
the Antennae galaxies. The nearest colliding galaxies to Earth, this young pair is named for its
antenna-shaped tails. Within this prototypical galactic smashup, HST uncovered over 1,000
exceptionally bright young star clusters, sometimes called super star clusters. Ground-based
telescopes were only able to see the brightest of these clusters, and even then could not show
that the clusters were very compact.
The discovery helps explain how colliding galaxies evolve and why some galaxies are
spirals while others are elliptical. It also aids astronomers in learning how globular star clusters
formed from giant hydrogen clouds in space. The "seeds" for star clusters appear to be huge
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clouds (tens to hundreds
of light-years across) of
cold hydrogen gas, called
giant molecular clouds.
Surrounding gas, heated
during the collision,
squeezes these clouds,
which then collapse
under their own gravity.
Like a string of
firecrackers being ignited
by the collision, these
reservoirs of gas light up
in a great burst of star
formation.
In addition to
providing knowledge of
how stars and galaxies
formed in the dim past,
HST also offers a glimpse
of the fate of Earth's
home galaxy, the Milky
Way, when it either
sideswipes or plows head
on into the neighboring
Andromeda galaxy
billions of years from
now.

Colliding Galaxies Produce Regions of Spectacular Star Birth

Rethinking the Evolution of Sun-like Stars
We have seen how stars and planets form from interstellar gas and dust. Now let us look
recent HST observations that have astronomers rethinking their concepts of the end stage of
stellar evolution. In a recent study of planetary nebulae-so named because early astronomers
believed they were actually planets-HST revealed surprisingly symmetric patterns of glowing
gas ejected by the stars. In the final stages of their lives, these stars shed their outer layers of
gas, creating strangely intricate nebulae shaped like pinwheels, lawn sprinkler jets and graceful
goblets.
HST's view revealed very fine structural details not visible from the ground. The beautiful,
unexpected patterns surprised astronomers, who anticipated seeing evidence of explosions.
Instead, the patterns suggest that a highly ordered and powerful process-completely unlike an
explosion-orchestrates the way stars lose their mass. These patterns may be woven by an
aging star's interaction with unseen companions: planets, brown dwarfs, or smaller stars. In any
case, they are forcing a rethinking of stellar evolution.
These eerie fireworks provide a way for heavier elements-predominantly carbon cooked in
the star's core-to be ejected into interstellar space as raw material for successive generations
of stars, planets and, potentially, life. These nebulae provide a preview of our own Sun's fate.
Some 5 billion years from now, after the Sun has become a red giant and burned the Earth to a
cinder, it will eject its own beautiful nebula and then fade away as a white dwarf star.
One particularly striking example of a planetary nebula is the Twin Jet Nebula, or M2-9.
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This "butterfly" or bipolar
planetary nebula looks
much like a pair of exhaust
plums from jet engines.
The central star in M2-9 is
one of a very close pair
that orbits one another
perilously close distances.
Astronomers suspect that
one star may be engulfing
by the other. They also
believe that the gravity of
one star pulls weakly
bound gas from the surface
of the other and fiings it
into a thin, dense disk that
surrounds both and extends
The Twin Jet Nebula
·.
far into space.
Another example of this final phase of stellar evolution is the Ring_Nebula, or M57, located
in Lyra. The Ring Nebula is about 2,000 light-years from Earth and has a diameter of about one
light-year. First cataloged more than 200 years ago by French astronomer Charles Messier, it is
well known to backyard astronomers. Now HST provides the sharpest view yet of the Ring
Nebula and proves that appearances can be deceiving.
HST reveals that what looks like an elliptical ring is actually a barrel-shaped structure
surrounding the faint central star. The Ring looks nearly round only because we are looking
down the barrel, viewing the gas cylinder almost end-on. Such elongated shapes are common
among other planetary nebulae -including the previously mentioned Twin Jet Nebula
-because thick disks of gas and dust form a "girdle" or "cinch belt" of sorts around a dying star.
This "girdle" slows down the equatorial expansion of material ejected by the doomed object.
The easiest escape route for this cast-off
'
material is in the polar directions above and
below the star's equator.
HST shows numerous, small, dark clouds
of dust that have formed in the gas flowing out
from the star. Silhouetted against more distant
bright gas, these dense dust clouds are too
small to be seen with ground-based
telescopes. Remarkably, these finger-like
clouds appear only in the outer portions of the
Ring Nebula, not in the center. This proves
that they are not distributed in a uniform
sphere but are instead located only on the
walls of the barrel. Many of the finger-like
clouds point away from the central star, like
spokes on a wheel, due to the forces of
radiation and gas ejected from the dying
object. Only recently have scientists such as
Mario Livio and Howard Bond discovered
these dramatic facts about planetary nebulae.
The Ring Nebula
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Conclusion
HST continues to reveal fascinating new insights into how our universe, our solar system,
and our home planet evolved. As it steadily increases our astronomical knowledge, it also
proves to be the most cost-effective satellite mission ever performed. Its visionary, modular
design allows for planned, on-orbit instrument upgrades and general maintenance tune-ups
every few years. Fitting HST with new instruments and servicing components that would
otherwise wear out is an ingenious, new, cost-efficient way to do business in space.
With the continued strong support from the science community, the public, Congress, and
the White House, HST will continue its work of discovery well into the next millennium. Its
discoveries will continue to raise at least as many questions as they answer, even as they help
us to understand more about our own evolution.
Additional information on the discoveries of HST can be found at
http://www.stsci.edu/
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